The multifunctional plant viral suppressor of gene silencing P19 interacts with itself and an RNA binding host protein  by Park, Jong-Won et al.
www.elsevier.com/locate/yviro
Virology 323 (2004) 49–58The multifunctional plant viral suppressor of gene silencing P19 interacts
with itself and an RNA binding host protein
Jong-Won Park,a,1 Sandrine Faure-Rabasse,a,1 Michael A. Robinson,b
Be´ne´dicte Desvoyes,a,2 and Herman B. Scholthof a,*
aDepartment of Plant Pathology and Microbiology, and Intercollegiate Faculty of Virology, Texas A&M University, College Station, TX 77843-2132, USA
bHoward Hughes Medical Institute and Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston MA 02115, USA
Received 5 December 2003; returned to author for revision 20 January 2004; accepted 13 February 2004
Available online 16 April 2004Abstract
Tomato bushy stunt virus (TBSV) is an RNA plant virus encoding a protein of approximately 19 kDa (P19) that is involved in various
activities important for pathogenicity, including virus transport and suppression of gene silencing. In this study, we provide evidence in vivo
and in vitro that P19 specifically interacts with itself to predominantly form dimers, and with a novel host protein, Hin19. Hin19 has a high
degree of similarity with a class of RNA-binding proteins of which many are involved in RNA processing. The binding of P19 to itself and to
Hin19 both depend on a structurally important central region of P19 that was previously shown critical for its biological function in plants.
Our findings provide evidence for a model in which virus spread through suppression of defense-related gene silencing involves the
formation of a complex that includes P19 dimers and a newly identified host RNA-binding protein.
D 2004 Elsevier Inc. All rights reserved.Keywords: Tomato bushy stunt virus; Gene silencing; Dimers; Virus spread; Host proteinIntroduction
Tomato bushy stunt virus (TBSV) infects plants in more
than 20 different families, and its pathogenicity is largely
determined by an approximately 19-kDa protein (P19),
translated from a subgenomic mRNA that is co-terminal
with the 3V end of the plus-sense RNA genome (Scholthof et
al., 1995a, 1995b). P19 is a versatile protein; we have
shown that it has host-dependent effects on TBSV cell-to-
cell movement and long-distance spread through plants, it is
an important contributor to viral symptoms during systemic
infections, and on select TBSV resistant plants it acts as an
elicitor of the hypersensitive response (Chu et al., 2000; Qiu
et al., 2002; Turina et al., 2003). P19 is also a suppressor of0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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al., 2002; Qu and Morris, 2002; Silhavy et al., 2002; Szittya
et al., 2003; Voinnet et al., 1999, 2003).
The seemingly separate biological activities require P19
to be expressed at high levels, and also crucial for its
function are centrally located charged amino acids (Chu et
al., 2000; Qiu et al., 2002; Scholthof et al., 1999). These
common properties suggest that the different activities may
in fact be controlled by similar P19-associated biochemical
interactions. To test for P19-mediated protein–protein inter-
actions, we conducted a comprehensive study to identify
virus and host proteins that bind specifically to P19. The
results show that instead of binding to other TBSV proteins
involved in replication or virus movement, P19 actually
self-interacts in infected plants, in yeast two-hybrid assays,
and in vitro. In addition, P19 also interacts specifically in
vivo and in vitro with a novel plant protein Hin19 (host
protein interacting with P19) that is homologous to a group
of eukaryotic proteins involved in RNA binding and pro-
cessing. Results with p19 mutants provide strong support
for a model in which a complex composed of P19 dimers
J.-W. Park et al. / Virology 323 (2004) 49–5850and Hin19 is involved in suppression of defense-related
silencing and subsequent virus spread through plants.Results
P19 specifically self-interacts
To investigate possible interactions of P19 with other
TBSV products in infected plants, we analyzed whether
such proteins co-isolated with P19. For this purpose, a
recombinant infectious clone of TBSV (THB19) (Park et
al., 2002) was used that produces P19 with a six-histidineFig. 1. Synthesis and isolation of P19-his. (A) The genome organization of the TB
produce P19-his with a tag of six histidines (His6) is indicated. Open boxes represen
the encoded proteins with their functions indicated above the boxes. CP andMP indi
between ORFs indicate presumed untranslated regions and the asterisk mark inside
expression of p92. The relative positions for the transcription start sites of two su
putative pX product is unknown, but its coding sequences contain cis-elements with
1997). (B) Immunoblot detection of P19 and CP in symptomatic upper non-inocula
reduced mobility of P19-his produced by THB19 is due to the His6 tag. (C) Silver
incubated with extracts from healthy spinach plants (H), plants infected with wild
indicated. The relative positions of molecular weight markers (not shown) are indica
antibodies. The asterisk indicates a possible dimer form of P19-his. Lanes H, WT, an
C represents a total protein extract from TBSV-infected spinach which shows thetag at the carboxyl terminus (P19-his) (Figs. 1A, B).
Because P19 is cytosolic (Scholthof et al., 1995b), this
permitted standard Ni-affinity isolation protocols under
native conditions followed by SDS-PAGE and immunoblot
analyses of the isolated proteins. The results in Figs. 1C, D
show that this procedure readily yielded P19-his, and a
multitude of other proteins co-eluted, confirming the mild
nature of the co-isolation conditions. Sensitive chemilumi-
nescent western blot analyses did not detect the presence of
TBSV replicase (P33 and P92), capsid (P41), or cell-to-cell
movement proteins (P22) in the samples (data not shown),
suggesting that P19 did not interact with other TBSV
proteins. To verify this observation, we performed a yeastSV mutant THB19 that produces P19-his. The position of 18 nucleotides to
t open reading frames (ORFs) of genes identified by the size in kilodaltons of
cate coat protein and movement-related proteins, respectively. The solid lines
the 5V-proximal box indicates the amber stop codon of p33 for read-through
bgenomic RNAs are indicated by right-angled arrows. The function of the
host-dependent effects on viral RNA accumulation (Scholthof and Jackson,
ted spinach leaves with either wild-type TBSV (WT) or THB19. The slightly
-stained SDS-PAGE with protein samples eluted from nickel-agarose beads
-type TBSV (WT), or THB19. The position of the isolated P19-his band is
ted on the left. (D) Immunoblot analysis of eluted proteins with P19-specific
d THB19 are identical to those shown in C, and the additional sample in lane
presence of higher-molecular-weight multimeric forms of P19-his.
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al., 1995) using DNA binding (DB) and activation domain
(AD) two-hybrid plasmids expressing all combinations of
AD or DB fused with TBSV P33, CP, P22, and P19. The
results of these tests (summarized in Table 1) validate the
conclusion that no direct physical interaction occurs at
detectable levels between P19 and the other TBSV proteins.
Although heterodimeric interactions with other TBSV
proteins were not detected, the results in Fig. 1D reveal the
presence of additional higher MW species that co-eluted
with P19-his and reacted with P19 antiserum. These species
predominantly migrated at a position consistent with P19
dimers (Fig. 1D, lane THB19), and in crude extracts from
infected plants, proteins were present that possibly repre-
sented higher oligomeric forms of P19 (Fig. 1D, lane C).
These oligomeric forms were detectable under denaturing
conditions (i.e., SDS-PAGE) and in presence of reducing
agents, suggesting strong interface interactions, perhaps
influenced by the formation of nonspecific bonds, due to
activation of reactions during defense responses in infected
(often necrotic) plant tissue.
To test whether P19 has the inherent capacity for self-
interaction in absence of plant components and plant stress
responses (e.g., defense related reactions), we conducted
experiments with purified P19. For this purpose, a GST-
P19 fusion was expressed in E. coli (Scholthof et al., 1995a,
1995b), isolated using glutathione-sepharose resin and
cleaved with thrombin protease. The cleaved mixture of
GST and P19 was loaded on an S100 26/60 gel-filtration
column to determine the migration of P19 with respect to
GST, which migrates as a homodimer (Hayes, 1984) with a
MW of approximately 54 kDa. Compared to the elution of
protein standards, the peak fraction of protein (nr. 44 in Fig.
2A) eluted from this column at a rate characteristic for
macromolecules of approximately 50–55 kDa, and SDS-
PAGE analysis of the collected fractions representing theTable 1
Summary of results obtained for the interaction between proteins in yeast
two-hybrid testsa
P19 Lamin 
P19 P33 
P19 CP 
P19 P22 
P19 P19 +
P19/75–78 P19/75–78 +
P19/71–72 P19/71–72 
P19 P19/71–72 +/
P19/72G P19/72G 
P19/72A P19/72A +
P19/71–72 HFi22 +
a Plasmids were tested in reciprocal combinations. See text for details on
origin of proteins. The numbers after the / sign, in the first column, indicate
the position of amino acids that are substituted (Chu et al., 2000). The
results summarize the ability (+) or inability () of transformed yeast cells
to grow on histidine-depleted medium and to produce h-galactosidase. The
+/ sign indicates poor yeast growth and a weak h-gal reaction relative to
the + combinations.peak showed that GST and P19 had co-eluted (Fig. 2A).
Upon removal of GST with glutathione resin, purified P19
was subjected to a more precise analytical gel-filtration
analysis with a Superdex 200 HR 10/30 column, which had
been calibrated with several MW standards (Fig. 2B). The
results confirmed that P19 predominantly eluted at a position
corresponding to an approximately 50-kDa globular protein
(Fig. 2B), which was thought to represent rapidly migrating
P19 dimers (expected MW approximately 39 kDa), but it
could not be ruled out that P19 formed slowly migrating P19
trimers (expected MW approximately 58 kDa). Lesser
amounts of higher-order oligomers were present as evident
from the extended shoulder to the left of the main peak in Fig.
2B. No trace of a monomer peak was observed.
To confirm that P19 was present predominantly as a
dimer in solution, glutaraldehyde cross-linking experiments
were conducted followed by SDS-PAGE analyses of the
products. Although the cross-linking was not very efficient
(because upon denaturation, most P19 remained present as a
monomer), the tests reproducibly showed the presence of
P19 that migrated at a position consistent with dimers (Fig.
2C). Trace amounts of higher-order oligomers are faintly
visible higher in the gel in Fig. 2C. In conclusion, our in
vitro analyses provide evidence that the oligomerization of
P19 in solution (as also observed in plants) is due to the
inherent capacity of P19 to form homodimers and small
amounts of higher-order oligomers.
The specificity of P19 self-interactions was verified with
yeast two-hybrid assays (Table 1 and Fig. 3). This provided
the opportunity to analyze the self-interaction of our previ-
ously generated P19 mutants in which charged amino acids
at specific positions (e.g., amino acid 72) were replaced with
uncharged amino acids (Chu et al., 2000). Two mutant P19
proteins, P19/71–72 (KR71-72AG) and P19/75–78 (RR75-
78GG), which were previously shown to be compromised
for their activity in virus spread in pepper and spinach
plants, or symptom induction and suppression of gene
silencing in Nicotiana benthamiana (Chu et al., 2000; Qiu
et al., 2002; Turina et al., 2003), were selected for the
present study. Yeast two-hybrid tests showed that P19/75–
78 exhibited self-interaction comparable to wild-type P19,
but this property was severely compromised for P19/71–72
(Table 1). It should be noted that the mutant P19/71–72
protein is not defective per se for use in the two-hybrid
system because it gives a weak interaction with wild-type
P19, and it interacts effectively with a previously charac-
terized host protein (Table 1) (Desvoyes et al., 2002).
Furthermore, the P19/71–72 protein can readily be detected
in systemically infected N. benthamiana plants, in which
P19 is dispensable for initial virus spread (Chu et al., 2000).
Therefore, the results of the yeast two-hybrid tests reflect the
inability of P19/71–72 to self-interact, and further experi-
ments revealed that the substitution of Arg to a Gly at
position 72 was responsible for loss of self-interaction,
whereas a substitution to Ala at that position had no
measurable effect (Table 1).
Fig. 2. In vitro P19 dimer formation. (A) Coomassie brilliant blue-stained SDS-PAGE of proteins in fractions collected after S100 gel filtration of a GST and
P19 mixture showing that P19 co-eluted with GST dimers (due to the denaturing conditions of SDS-PAGE, the collected proteins migrate as monomers through
the gel). The numbers on top correspond with the number of the 3-ml fraction collected from the column. The position of molecular mass markers are indicated
in kilodaltons. (B) Gel filtration of purified P19 on a Superdex 200 HR column, showing the P19 elution profile and the elution peak positions of five
calibration proteins. The right y-axis denotes the logarithm of the molecular weight of the protein standards. (C) Coomassie brilliant blue-stained SDS-PAGE of
cross-linked P19. Lane X contains glutaraldehyde-treated P19 and lane O contains an aliquot of P19 incubated with H2O instead of glutaraldehyde. The lower
bands in both lanes represent P19 monomers; the asterisk marks the position of the cross-linked P19 dimer.
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tests and yeast two-hybrid assays, there is no evidence that
P19 physically interacts with the P33-replicase, coat protein,
or cell-to-cell movement protein. Instead, we demonstrate
that P19 has a strong intrinsic propensity to self-interact to
form homodimers, and this property genetically correlates
with the previously documented roles of P19 in suppression
of gene silencing and host-specific virus spread. We con-
clude that the ability of P19 to form dimers is important for
the biological activity of this multifaceted virus protein.P19 interacts specifically with a host RNA-binding protein
A yeast two-hybrid screen with a Nicotiana tabacum
cDNA library (Desvoyes et al., 2002) yielded 25 candidate
cDNAs specifying P19-interactive host proteins based on
growth of yeast colonies in absence of histidine and a
positive h-gal reaction. Many of the cDNAs were no longer
positive upon serial passaging, and others maintained a
weak interaction, but one of these cDNAs (p2.9) encoded
a host protein interacting with P19 (Hin19) that reproduc-
Fig. 3. Self-interaction of P19 in yeast. (A) Plates with leucine- and tryptophan-depleted medium (LeuTrp) or histidine-depleted medium (LeuTrpHis)
were streaked with yeast cells that were (a) nontransformed, or transformed with (b) p19/AD, (c) p19/DB, (d) p19/AD + pLamin/DB, or (e) p19/AD + p19/DB.
The transformation with single plasmids was confirmed by growth on either leucine- or tryptophan-depleted medium (not shown). (B) h-galactosidase assay
with eight independent yeast transformants containing p19/AD + p19/DB (top), and with eight transformants containing p19/AD + pLamin/DB (bottom). The
pLamin/DB construct is a common negative control (Desvoyes et al., 2002).
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protein that was referred to as HF2.9 in an earlier prelim-
inary report (Faure et al., 2001). RT-PCR tests showed that
Hin19 mRNA was expressed in N. tabacum and also in N.
benthamiana (data not shown). No interactions occurredFig. 4. Specific interaction between TBSV P19 and Hin19 in vivo and in vitro, a
formation and biological activity. (A) Yeast colonies (left) expressing both Hin19
for interaction by a h-galactosidase assay (right). The same results were obtained u
for a positive interaction (data not shown). (B) A Hin19 35S-labeled in vitro tran
native protein [1, alkaline phosphatase; 2, ribonuclease; 3, bovine serum albumin;
the strong binding of Hin19 to P22 is unknown because no such interaction oc
translation mix devoid of Hin19 or containing P8 from Panicum mosaic virus (Tu
P19 amino acid substitution mutants (Chu et al., 2000) in yeast. The position ofbetween Hin19 and control proteins, including the other
TBSV-encoded proteins (Fig. 4A). The affinity of Hin19 for
P19 was confirmed with a separate in vitro binding assay,
and those results showed that radiolabeled Hin19 bound to
purified GST-P19 but not to various other control proteinsnd the importance of P19 amino acids that are also involved in P19 dimer
and P19 or control proteins, including other TBSV-encoded proteins, tested
pon plating of colonies under histidine selection, which is a second reporter
slated protein was used to overlay a membrane with 1-Ag deposits of pure
4, glutathione S-transferase (GST); 5, P22; 6, GST-P19]. The significance of
curred in vivo in A. In control overlays, no signal was observed when a
rina et al., 2000) was used. (C) Interaction between wild type (P19wt) and
substituted amino acids is indicated.
Fig. 5. Amino acid sequence of Hin19 (GenBank AY542850). The blue-colored amino acids indicate identity between N. tabacum Hin19 and either the closest
non-plant paralog, an archetypal ALY/REF-like protein from Mus musculus (GenBank 6755763), or an example of this group of proteins from A. thaliana
(listed as REF in GenBank 30693141; or ALY-like DIP2 in GenBank 9663025). Note that many of the nonidentical amino acids represent conservative
substitutions. The area marked with the brown line denotes the conserved region containing the signature sequences (including the boxed RNP1 and RNP2
sequences) typical of an RNA recognition motif (RRM) (Burd and Dreyfuss, 1994; Lorkovic and Barta, 2002). The green lines denote glycine-rich regions that
are found in some RNA-binding proteins and that have tripeptide patterns of R and G that are in good context for arginine methylation (Hyun et al., 2000;
Weiss et al., 2000). The numbers indicate the amino acid positions and the dot at the N-terminus of Hin19 indicates that very likely, 50–70 N-terminal amino
acids are not represented on the Hin19 encoding p2.9 cDNA.
Fig. 6. The topology of P19, based on the X-ray crystallographic structure
of P19/siRNA complexes, redrawn from Vargason et al. (2003). The sizes
of individual secondary structure elements may not be to scale. The h4-
strand (maybe together with the h3-strand) and a5-helix form the proposed
contact surface for P19 dimer formation (Vargason et al., 2003; Ye et al.,
2003). The positions of Arg residues discussed in the text (72, 75, and 78)
are indicated. The dashed line indicates that Arg72 forms a structurally
critical salt bridge with Glu17 (Vargason et al., 2003). Arg75 could also be
of some structural importance (Vargason et al., 2003) but is located at the
very end of the h2-strand, and just like Arg78 that is present in a loop
between h2 and a3, could be available for interaction with other factors.
J.-W. Park et al. / Virology 323 (2004) 49–5854(Fig. 4B). However, in these same tests, Hin19 did bind to
P22, and although this is an intriguing finding, its signifi-
cance remains elusive because no such interaction occurred
in vivo (Fig. 4A). Compared to the strong interaction in
yeast between Hin19 and wild-type P19, the interaction was
less prominent for P19/75–78 (Fig. 4C). No interaction
occurred between Hin19 and P19/71–72 (Fig. 4C), which is
also debilitated for the ability to self-interact (Table 1).
These results support a model in which dimers of P19
specifically interact with Hin19.
Although comparison of the available Hin19 cDNA
sequence with similar sequences in the database suggests
that the 5V-proximal sequences are lacking (see legend to
Fig. 5), the N-proximal 120-amino-acid region of the
available Hin19 sequence (Fig. 5) shows 60–65% identity
to Arabidopsis proteins with homology to ALY-like proteins
that are involved in nuclear export (Perez-Alvarado et al.,
2003; Storozhenko et al., 2001), and these are also very
similar to proteins grouped as RNA and export factor
binding (REF) proteins (Zenklusen et al., 2001). These
proteins are collectively referred to as REF/ALY proteins
(Gatfield and Izaurralde, 2002; Longman et al., 2003). Most
striking is the conserved RNA recognition motif (RRM)
from amino acid 41 to 113 on Hin19 (Fig. 5) that is a
signature motif of RNA-binding proteins involved in a
variety of post-transcriptional events (Burd and Dreyfuss,
1994; Lorkovic and Barta, 2002).
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The results in this study established that P19 self-inter-
acts to form homodimers and higher-order oligomers, and
that it specifically binds to a novel host RNA-binding
protein. We found no evidence that P19 physically asso-
ciates at detectable levels with other TBSV proteins based
on co-purification of proteins with P19 from infected plants
and yeast two-hybrid assays. It is possible that such inter-
actions need co-factors, such as RNA (e.g., siRNAs, Silhavy
et al., 2002), or perhaps one or more host factors. For
example, a novel host homeodomain protein (HFi22) with
strong affinity for P22 has been found to bind P19 (Des-
voyes et al., 2002); this could potentially result in the
assembly of a P22/RNA/host protein complex that associ-
ates with P19. However, if such a complex exists, it was not
detected with the P19 co-isolation experiments described in
this report, but refined analyses await the future implemen-
tation of host protein-specific antisera in these tests.
SDS-PAGE of P19-his purified from plants showed the
presence of multimeric forms of P19, and yeast two-hybrid
analyses also revealed a strong and specific P19 self-
interaction. Gel-filtration analyses of purified P19 under
native conditions showed that instead of migrating as
monomers, P19 eluted entirely in oligomeric form. Further
gel-filtration tests and cross-linking experiments demon-
strated that these oligomers in fact predominantly repre-
sented P19 dimers, which may have eluted faster than
expected from the gel filtration columns due to non-globu-
lar, extended protein geometry. Together with a recent report
that the potyvirus HC-Pro also forms dimers (Plisson et al.,
2003), our results suggest that dimer formation might be a
common feature for plant virus encoded suppressors of gene
silencing.
Our results agree with two recent reports on the X-ray
crystallographic structure of P19/siRNA complexes that also
reveal the presence of P19 dimers (Vargason et al., 2003; Ye
et al., 2003). The present study shows that siRNA is in fact
dispensable for P19 dimer formation. Based on the P19
structure (Vargason et al., 2003; Ye et al., 2003), the ability
for self-interaction may be controlled by a carboxyl region
encompassing the h4-strand and the a5-helix (Fig. 6) that
act as the contact surface (Vargason et al., 2003), and the
h3-strand could be involved as well (Ye et al., 2003).
However, our results show that other regions on P19 are
also important because the self-interaction is disturbed by
the Arg to Gly substitution at position 72 on P19. Arg72 is
in the h2-strand (Fig. 6) and because it forms a salt bridge
with Glu at position 17, it is likely that insertion of a Gly at
this position has induced a severe structural change (Varga-
son et al., 2003) to prevent dimer formation. The substitu-
tion of Arg72 to Ala did not prevent P19 self-interaction,
suggesting a much less pronounced effect of this mutation
on the overall structure. The structural effect of the Arg-Gly
substitution at position 72 is also in agreement with our
earlier studies that demonstrated the effect of this mutationon virus spread and suppression of silencing, whereas the
substitution to Ala affected symptoms but had less impact
on virus spread (Chu et al., 2000; Qiu et al., 2002; Turina et
al., 2003). The results in the present study also support the
notion that P19 self-interaction for dimer formation is a
prerequisite for binding to Hin19. The observation that upon
SDS-PAGE of P19/71–72 from infected plants dimers
remain detectable (Chu et al., 2000) suggests that host-
mediated events can also contribute to forming stable P19
dimers even if the intrinsic capacity of P19 to self-interact is
compromised.
The substitutions of the Arg residues to Gly at positions
75 and 78 (P19/75–78) did not preclude P19 self-interaction
(Table 1), indicating that these mutations did not cause
substantial structural changes. Instead, structural analysis
shows this region to be located between the h2-strand and
the a3-helix, and this loop could potentially be available for
interaction with other proteins (Fig. 6). This would agree
with our observation that this mutation weakened the
association of P19 with Hin19. Furthermore, our previous
studies showed that these same substitutions reduce the
severity of symptoms induced by P19 and compromise
long-distance spread of TBSV in spinach and pepper (Chu
et al., 2000; Turina et al., 2003). More recent studies show
that the substitutions at 75–78 interfere with the ability of
P19 to suppress gene silencing-induced degradation of
TBSV RNA (to be published elsewhere).
The newly described Hin19 protein is highly similar to a
group of proteins that share a conserved RNA recognition
motif (RRM) common to proteins involved in post-transcrip-
tional events, including RNA translocation (Burd and Drey-
fuss, 1994; Lorkovic and Barta, 2002). TBSV movement
involves the spread of its genomic RNA through the plant,
and we have demonstrated that P19 facilitates host-depen-
dent short and long-distance spread of TBSV (Chu et al.,
2000; Scholthof et al., 1995b; Turina et al., 2003). This
suggests the possibility that the purpose of P19 binding to
Hin19 is to enlist the aid of the latter in directing viral RNA
translocation. Because Hin19 also shares features with co-
transactivators of transcription (Perez-Alvarado et al., 2003;
Storozhenko et al., 2001), binding of P19 to Hin19 could
potentially prevent or stimulate the activation of specific
genes, perhaps those involved in defense responses, and thus
the P19–Hin19 interaction could indirectly control virus
transport by regulating defenses. An alternative model
relates to the accumulation of short interfering RNAs (siR-
NAs) during post-transcriptional gene silencing (Hamilton
and Baulcombe, 1999). Because P19 suppresses gene silenc-
ing to prevent degradation of its own viral RNA (Qiu et al.,
2002; Qu and Morris, 2002), this suggests that P19 may
incapacitate the activity or transport of siRNAs that bind to
P19 (Silhavy et al., 2002; Vargason et al., 2003; Ye et al.,
2003). Such a model is consistent with a putative role for
Hin19 in siRNA processing, and this could become com-
promised upon binding of P19 to Hin19, contributing to
suppression of defense-related gene silencing.
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should become clearer by testing P19 mutants incapacitated
for binding to Hin19 and by implementing transgenic plants
silenced for Hin19, contributing to suppression or over-
expressing this gene. In the meantime, the novel protein–
protein interactions shown in the present report, involving a
multifaceted virus suppressor of gene silencing and a newly
identified host RNA-binding protein, may offer new ideas to
direct future studies on virus pathogenicity and transport of
macromolecules through plants.Experimental procedures
Constructs
A full-length infectious cDNA construct of the TBSV
cherry isolate, pTBSV-100 (Hearne et al., 1990), was used
for the generation of the mutants described in this study. The
method yielding pTHB19 (Fig. 1) was published previously
(Park et al., 2002). To generate p33/DB and p33/AD, the
p33 ORF was amplified from pTBSV-100 by PCR using a
set of primers containing a restriction enzyme site (indicated
in italics): p33EcoRI (a forward primer: 5V-gcg gaa ttc atg
gag acc atc aag aga atg att tgg-3V) and p33PstI (a reverse
primer: 5V-ccg ctg cag cta ttt gac acc cag gga ctc c-3V). To
obtain pCP/DB and pCP/AD, the CP gene was PCR
amplified with a forward primer (CPEcoRI: 5V-cgg gaa ttc
atg gca atg gta aag aga aac-3V) and a reverse primer (CPPstI:
5V-gcg ctg cag cta aat tag aga aac atc att ctg tca-3V). These
PCR products were digested with EcoRI and PstI, followed
by ligation with EcoRI- and PstI-digested pGAD424 and
pSTT91. The constructs p22/DB and p22/AD were gener-
ated by ligation of BamHI- and PstI-digested pGAD424 and
pSTT91 with the BamHI- and PstI-digested PCR products
of p22 that was amplified by PCR using a forward primer
(p22BamHI: 5V-ggc gga tcc gta tgg ata ctg aat acg aac aag
tc-3V) and a reverse primer (p22PstI: 5V-ggc ctg cag tca gac
tga aga gtc tgt ctt act cgc-3V). For the construction of p19/
DB, p19/AD, p71–72/DB, p71–72/AD, p75–78/DB, p75–
78/AD, p71Ala/DB, p71Ala/AD, p72Gly/DB, p72Gly/AD,
p72Ala/DB, and p72Ala/AD, the p19 ORFs of wild type,
pT19/71–72, pT19/75–78, pT19/71Ala, pT19/72Gly, and
pT19/72Ala (Chu et al., 2000) were amplified by PCR using
a forward primer (p19BamHI: 5V-ggc gga tcc gta tgg aac gag
cta tac aag gaa acg-3V) and a reverse primer (p19PstI: 5V-cgg
ctg cag tta ctc gcc ttc ttt ttc gaa gg-3V), followed by digestion
with BamHI and PstI and ligation into BamHI- and PstI-
digested pGAD424 and pSTT91. The validity of all con-
structs was confirmed by nucleotide sequencing.
P19-his purification from plants
Plants were inoculated with transcripts from pTHB19
(Fig. 1) as described previously (Scholthof et al., 1993).
Symptomatic leaves harvested from THB19-infected N.benthamiana and spinach were used for P19-his purifica-
tion. The harvested leaves were ground in 5 ml Extraction
Buffer (EB) [50 mM NaH2PO4, pH 8.0; 300 mM NaCl; 1
mM phenylmethylsulfonyl fluoride (PMSF)], and the cell
debris was removed by two consecutive centrifugation steps
at 10,000 rpm for 10 min each (F0630 rotor, Beckman GS-
15R). The supernatant was mixed with Ni-agarose beads
and incubated for 2–3 h at 4 jC with gentle shaking. The
beads were harvested by centrifugation at 600 rpm for 5
min, washed five times in Washing Buffer 1 (EB and 20
mM imidazole), and centrifuged at 600 rpm for 5 min,
followed by washing three times in Washing Buffer 2 (EB
and 40 mM imidazole). The P19-his elution was achieved
by adding Elution Buffer (EB and 200 mM imidazole) to the
Ni-agarose beads followed by incubation for 5 min at room
temperature (RT). The eluted P19-his and co-purified pro-
teins were subjected to SDS-PAGE and western blot anal-
ysis as documented previously (Scholthof et al., 1995a,
1995b).
Protein–protein interactions in yeast and in vitro
Yeast two-hybrid experiments and screening of the N.
tabacum library were essentially performed as described
previously (Desvoyes et al., 2002). The in vitro overlay
procedure was also described earlier (Desvoyes et al., 2002);
transcripts were generated from a PCR product amplified
with a forward primer containing a T7 promoter immedi-
ately upstream of an introduced ATG at the 5V end of the
Hin19 cDNA (p2.9). This transcript was used for in vitro
translation in presence of 35S-methionine (Scholthof et al.,
1999).
GST-P19 fusion protein was expressed from plasmid
pHS111 (Scholthof et al., 1995a) in E. coli BL21-Codon-
Plus-RIL cells (Stratagene, La Jolla, CA), and after culturing
of 4L, standard glutathione affinity chromatography proce-
dures (Amersham, Piscataway NJ) were followed for puri-
fication. The protein mixture was centrifuged (10 min, 17 K,
Beckman JA-20) and the supernatant was concentrated by
centrifugation at 4 K (JS4.2) in 5 kDa molecular weight cut-
off centrifuge tubes (Vivascience Sartorius AG, Germany).
Two aliquots of 7.5 ml, to which 75 units of thrombin
protease (Amersham) was added for each, were dialyzed in
3500 MWCO cassettes (Pierce, Rockford, IL) overnight in
PBS. The dialyzed fractions were centrifuged (17 K, 10
min, JA-20), concentrated as before, and the final 2 ml was
filtered by centrifugation through Costar spin-X filter tubes
(Corning, NY). The filtrate was used for gel filtration on a
S-100, Hi-Prep 26/60 Sephacryl column (Amersham) using
a Pharmacia LKB FPLC system (Amersham) and Superdex
200 HR 10/30 (Amersham) on a BioLogic Duoflow HPLC
system (Bio-Rad, Hercules, CA). Glutathione affinity chro-
matography was used to remove GST. Subsequent cross-
linking experiments were performed according to a previ-
ously published protocol (Zuccola et al., 1998). Reactions
were stopped by addition of ammonium acetate (final conc.
J.-W. Park et al. / Virology 323 (2004) 49–58 57140 mM) and samples were analyzed with SDS-PAGE
followed by staining with Coomassie brilliant blue.Acknowledgments
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